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Thesis Summary 
Hydrogen ion sources with the Radio Frequency (RF) Inductively Coupled Plasma (ICP) have been utilized in a 
wide range of fields, e.g., material processing, medical devices, particle injectors for accelerators. It is required for 
such ion sources to generate the high density plasma. Efficient power transfer between the RF system and the 
RF-ICP is one of the most important issues to achieve the requirement. However, the response of the RF-ICP to 
the ElectroMagnetic (EM) field provided by the RF power source is so complex that the optimization of the pow-
er transfer cannot readily be achieved. In particular, the discharge mode transition is one of the origins of the 
complexity: the RF-ICP shows two distinct discharge modes (E-mode and H-mode) depending on the operational 
regime of the plasma density. Considering issues mentioned above, we have studied the RF-ICP discharge process 
from (1) macroscopic and (2) microscopic points of view: the former approach is to (1) develop a 0D equivalent 
circuit model of the RF-ICP for the analysis of impedance matching in the RF system including the RF-ICP as a 
load, and the latter approach is (2) the particle-based kinetic modeling of the RF-ICP discharge. These studies 
have been carried out so as to obtain the insight into the RF-ICP, which is mandatory for the improvement of 
R&D activities towards the realization of hydrogen ion sources with the high density RF-ICP.  
   Chapter 1 is the introduction of this thesis. The purpose and the aim of this study are explained after the brief 
summary of the physics related to the RF discharge, applications and issues of RF-ICPs. 
   In Chapter 2, the equivalent circuit model of the RF-ICP is explained, which has been developed for the study 
on impedance matching. This model describes the RF-ICP inside the ion source and the matching network in-
cluding the external coil which surrounds the plasma chamber. All the elements have been modeled as lumped 
elements, which means this model is based on 0D model. By using this model, optimization of the power transfer 
and impedance matching between the RF system and the RF-ICP has been investigated.  
   In Chapter 3, the analysis of the impedance matching in the RF system of the hydrogen ion source of CERN’s 
linear accelerator, LINAC4, is given by using the model introduced in Chapter 2. From the results, it has been 
confirmed that the control of the RF signal frequency is useful to increase the efficiency of the power transfer to 
the RF-ICP, which has empirically been found in the experiments carried out at CERN. 
   In Chapter 4, the numerical model of the hydrogen RF-ICP discharge is described. The model is based on the 
EM Particle In Cell (PIC) method, whose governing equations are Maxwell’s equations and the equation of mo-
tion for the charged particles. This model is superior to conventional fluid or other simple numerical models of RF 
discharge: particle-based modeling enables the model to analyze the discharge process from a kinetic point of 
view. The RF-ICP has hardly been studied by such a kinetic model so far. 
   In Chapter 5, the discharge process of hydrogen RF-ICP is numerically analyzed by using the model intro-
duced in Chapter 4. It has been confirmed that the model is able to reproduce the E-to-H discharge mode transi-
tion. In addition, Energy Distribution Functions (EDFs) of electrons and ions are analyzed from a kinetic point of 
view. The EDFs deviate from the Maxwell distribution in the thermal equilibrium. This indicates the importance 
of the kinetic perspective to investigate the RF-ICP discharge. It is expected that this model enables us to calculate 
the impedance of the RF-ICP with the non-equilibrium EDFs. This model will be the basis for the further study of 
impedance matching between the RF system and the RF-ICP, which takes the kinetic effect into account. 
   Chapter 6 is the summary of this thesis. 
